ABSTRACT A total of 1,200 Ross broiler chickens were used in 2 separate feeding studies to explore the effect of myo-inositol (MYO) and phytase on performance and blood biochemistry of broilers fed diets formulated to be either adequate or insufficient in Ca and digestible P (dP). Supplementation of diets that were formulated to be insufficient in Ca and dP with MYO resulted in improved BW gain and feed conversion ratio in both experiments. However, these effects were most pronounced in the finisher phase, and moderate negative effects were observed during the starter period. Supplementation of the diet with microbial phytase improved BW gain and feed conversion ratio to a similar extent as was observed with MYO, and there was a degree of subadditivity between the 2 additives. Blood glucose concentrations were increased by both MYO and phytase, though possibly by different mechanisms, because insulin concentrations were not directly relatable to circulating glucose levels, especially when both MYO and phytase were applied simultaneously. The increase in blood glucose concentrations with MYO and phytase was most pronounced in the diet with a lower Ca and dP concentration. It can be concluded that dietary supplementation with MYO or phytase was effective in improving performance of commercial broiler chickens. However, further work is required to explore complex ontogenetic effects of MYO and possible involvement of both MYO and phytase in Na-dependent transport mechanisms.
INTRODUCTION
It has been suggested that part of the beneficial effect of microbial phytase in poultry may be derived from generation of myo-inositol (MYO) through a phytase-initiated enzymatic cascade that results in the complete dephosphorylation of dietary phytate (Józe-fiak et al., 2010; Cowieson et al., 2011) . It should be noted, however, that conclusive evidence for the complete dephosphorylation of phytate does not exist, so this mechanism is theoretical. Inositol is a cyclical sugar alcohol with a formula similar to glucose. It exists in 9 stereoisomeric forms; however, only MYO demonstrates biological activity (McDowell, 2000) and can be synthesized de novo from d-glucose-6-phosphate (Murthy, 2006) . Myo-inositol is widely distributed in plant and animal cells (Clements and Darnell, 1980) and appears to be essential for normal cellular function (Eagle et al., 1957; Michell, 2008) . Its role is not fully defined, though its biochemical functionality stems from its involvement in the structure of phospholipids and lipoproteins (McDowell, 2000) . Phosphatidylinositol is a cellular mediator of signal transduction and regulates metabolism and growth (Fuller, 2004; Michell, 2008) . Moreover, inositol triphosphate influences the release of intracellular Ca (Irvine and Schell, 2001) .
Humans and most animal species do not express a dietary need for MYO. Signs of MYO deficiency have been demonstrated only in certain species of fish and gerbils (Kroes, 1978) . In fish, dietary deficiency of MYO results in anorexia, fin degeneration, edema, anemia, decreased gastric emptying rate, reduced growth, and impaired efficiency of feed utilization (Halver, 1982) . Studies with gerbils have shown that only females reThe effect of microbial phytase and myo-inositol on performance and blood biochemistry of broiler chickens fed wheat/corn-based diets spond to deprivation of MYO. The observed effects were intestinal lipodystrophy, with a resulting hypocholesterolemia, debilitation, and even death (Hegsted et al., 1973) . Male gerbils appear to have a sufficient testicular synthesis of MYO. In food and feedstuffs, MYO occurs in 3 forms: free MYO, inositol-containing phospholipids, and inositol hexaphosphate (phytic acid; Combs, 2008) , of which the latter is simultaneously the most abundant and the least available for intestinal absorption in monogastric animals. The enzymatic breakdown of phytate is dependent on liberation of phytate molecules from complexes with other nutrients (largely pH dependent) and enzymatic cleavage of phosphate residues from the MYO ring (Żyła et al., 2004) . However, factors that modulate the efficacy of the exogenous phytases in the gastrointestinal tract of poultry are not fully understood. Currently, both 3-and 6-phytases are available commercially, but neither is capable of liberating the C-2 axial phosphate group from phytic acid. Thus, it is unlikely that phytic acid will be completely dephosphorylated in the gut lumen (Selle and Ravindran, 2007; Żyła et al., 2012) . However, Cowieson et al. (2011) submitted that if microbial phytases could dephosphorylate phytic acid enough to permit the sustained solubility of the lower esters in the small intestine then endogenous phosphatases may complete the reaction, either at the brush border or postabsorptively in the plasma or liver. The extent to which this may be possible will depend on several factors including the nature and concentration of the phytic acid in the diet, the concentration of divalent cations in the feed (notably Ca), the type and dose of phytase used, and other factors such as the species and age of animal in question, lighting regimens, and physical form of the diet (Cowieson et al., 2011; Żyła et al., 2012 .
There is scant evidence concerning the effects of MYO on the performance and metabolism of chickens and in particular what the involvement, if any, of microbial phytase may be. Therefore, 2 broiler experiments were conducted to evaluate and compare the impact of MYO and exogenous phytase on broiler chicken performance and blood biochemistry.
MATERIALS AND METHODS

Birds and Housing
Two feeding trials were conducted (Piast Group, Olszowa Experimental Laboratory, Kepno, Poland) using wheat-corn-soybean meal (SBM) diets with identical formulated nutrient levels (Tables 1 and 2) containing 5% (1-10 d), 10% (11-20 d) , and 12% (21-42 d) fullfat rapeseed (canola type; low glucosinolate, low erucic acid). Both experiments were carried out in floor pens (1 × 1 m) arranged by block in the center of a commercial chicken house. To simulate commercial production conditions, the experimental pens were surrounded by a commercial broiler flock composed of birds of the same origin as those used in the experiments. All pens were the same dimensions and had the same number of nipple drinkers and feed hoppers (Flux 330, Big Dutchman, Vechta, Germany). The birds were given 23L:1D during the first week and then 19L:5D from d 7 to 21. From 22 to 42 d of age, there was 23L:1D. Temperature was maintained around 32°C initially and gradually reduced to around 21°C by d 21, thereafter kept constant. The experiment complied with the guidelines of the Local Ethics Commission (Poznan, Poland Permit Number 22/2012) with respect to animal experimentation and care of animals under study. Experiment 1. A total of 400 one-day-old Ross 308 males were randomly assigned to 4 dietary treatments, with 10 pens per treatment and 10 birds per pen and used to measure growth performance. The dietary treatments were arranged as a 2 × 2 complete factorial design, with the factors being adequate or insufficient Ca and available P (dP), and with or without 0.15% supplemental MYO (Sigma-Aldrich Chemie GmbH, Steinheim; Table 1 ). This concentration of MYO was selected because this is approximately the concentration found in a standard broiler diet as part of the phytate molecule.
Experiment 2. A total of 800 one-day-old sexed (male) Ross 308 chicks were allocated randomly to 8 dietary treatments. Dietary treatments were arranged as a 2 × 2 × 2 full factorial, the factors being adequate or insufficient Ca and dP, with or without 0.15% MYO (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and with or without 500 phytase units (FTU)/kg of Quantum Phytase 2500 D (AB Vista Feed Ingredients, Marlborough, UK). A total of 10 replicate pens per diet were used.
Diets and Feeding Program
The birds were fed ad libitum with the wheat-corn-SBM-based diets containing 5, 10, and 12% of full-fat rapeseed, respectively, in the starter, grower, and finisher periods. The full-fat rapeseed was ground using a roller mill to obtain an average mash particle size less than 0.55 mm. Diets for each feeding period were formulated to be isonitrogenous and isocaloric and to meet or exceed breeder guidelines (Aviagen, Edinburgh, UK), but with different levels of dP and Ca. Starter diets were offered to all birds from 1 d old until 10 d of age, grower from 11 to 20 d of age, and finisher diets from 21 to 42 d of age. In experiment 1, all feeds were pelleted (78°C) and crumbled for starter diets. In experiment 2, all diets were presented to the birds in mash form. The mash and pelleted diets were made in the Piast Pasze factory (Lewkowiec, Poland) according to ISO 9001:2008 procedures. The mash feed was prepared on a laboratory scale line equipped with horizontal double band mixer (Zuptor, Gostyn, Poland) equipped with roller mills (Skiold, Saeby, Denmark). The pelleted feed was prepared on a commercial line equipped with horizontal mixer (Rowag, Rogozno Wielkopolskie, Poland) and double conditioning pelletizers (Munch-Edelstahl GmbH, Hilden, Germany). The temperature was measured in the conditioner with usage of laser thermometer (Brasner DT83380, Sulechow, Poland).
Data Collection and Chemical Analyses
On d 11, 21, and 42, the birds and residual feed were weighed and the feed intake (FI), BW gain (BWG), and feed conversion ratio (FCR) were calculated. Dead birds were weighed and removed and the percent mortality was calculated.
In the second trial, besides growth performance, blood biochemistry was investigated. At the end of the trial (42 d) blood samples were collected from 1 bird per replicate pen, chosen randomly. The blood was collected by puncture of the wing vein and collections were made following a 1-h fast. Serum was obtained by centrifugation (Mikro 220R, Hettich, Tuttlingen, Germany) at 1,000 × g at 8°C for 10 min and stored at −20°C until analysis. Insulin and glucagon levels were determined using a radioimmunoassay commercial kit derived from Millipore Inc. (Billerica, MA). Glycerol was measured according to method of Foster and Dunn (1973) . Glucose was determined enzymatically using glucose oxidase, peroxidase, and o-dianisidin (Huggett and Nixon, 1957) . Concentration of serum triglycerides as well as total and high density lipoprotein cholesterol was measured using commercial, enzymatic kits (Pointe Scientific, Warsaw, Poland). Total P was analyzed by spectrophotometry (Marcel Media, Poznan, Poland) using a colorimetric method, and total Ca was analyzed on a plasma detector 4100 MP-AES (Agilent Technologies, Santa Clara, CA). Phytase activity was measured by the method of Engelen et al. (2001) , and 1 FTU is defined as the amount of enzyme required to liberate 1 μmol of inorganic P per minute from 5 mM sodium phytate at pH 5.5 and 37°C.
Statistical Analysis
Statistical analysis of the results was performed using the GLM procedure of SAS (1990, SAS Institute Inc., Cary, NC) . In experiment 1, all data were analyzed by 2-factorial design, according to the following general model:
where Y ij is the observed dependent variable, μ is the overall mean, α i is the effect of dP and Ca level, β j is the effect of MYO, (αβ) ij is the interaction between dP 1 Positive control diet adequate in P and Ca; negative control diet with P and Ca levels reduced by 0.12 and 0.14%, respectively. 2 Canola type, low glucosinolate and low erucic acid; contained 24.1, 46.3, and 9.8% of CP, crude fat, and crude fiber, respectively. dP = digestible P. and Ca level and MYO, and δ ij is the random error. In experiment 2, the growth performance and blood parameters were analyzed according to a 3-factorial design. The general model was
where Y ijk is the observed dependent variable; μ is the overall mean; α i is the effect of dP and Ca level; β j is the effect of phytase; γ k is the effect of MYO; (αβ) ij is the interaction between dP and Ca level and phytase; (αγ) ik is the interaction between dP and Ca level and MYO; (βγ) jk is the interaction between phytase and MYO; (αβγ) ijk is the interaction between P and Ca level, phytase, and MYO; and δ ijk is the random error. In cases where the overall effect was significant (P < 0.05), means were compared pair wise (pdiff). Results are given as the means with pooled SEM.
RESULTS
In both experiments 1 and 2, analyzed total Ca and P values were as expected and close to formulated values (Tables 1 and 2 ). Analyzed phytase activity in the relevant diets for experiment 2 was 514, 610, and 580 FTU/kg in the starter, grower, and finisher diets, respectively.
Bird Performance Experiment 1. The effect of MYO and Ca and dP concentration on the performance of broiler chickens is presented in Table 3 . Mortality was low (<3%) and unrelated to dietary treatment. There was no effect (P > 0.05) of Ca and P concentration on BWG, FCR, or FI throughout the experiment. Inclusion of 0.15% MYO increased BWG in the diet with a low Ca and dP concentration and decreased BWG in the diet with a high Ca and dP concentration resulting in a significant interaction between d 21 to 42 and a strong overall trend from d 1 to 42 (P = 0.06). Myo-inositol supplementation resulted in a reduction in (P < 0.001) FCR in the finisher phase, which was sufficiently great to result in an overall advantage (P < 0.001) of 9 FCR points from d 1 to 42. Interestingly, addition of MYO to the starter feed resulted in a significantly higher FCR from d 1 to 10 (1.25 vs. 1.29).
Experiment 2. The effect of Ca and dP concentration, MYO inclusion and microbial phytase on the performance of broiler chicks is presented in Table 4 . Means within a column with no common superscripts differ significantly (P < 0.05).
1
Means represent 10 pens of 10 chicks each. FI = feed intake; FCR = feed conversion ratio; RMSE = root mean square error.
2 Treatments: positive control diet adequate in P and Ca levels (PC); negative control diet with reduced P and Ca levels by 0.12 and 0.14%, respectively (NC); positive control supplemented with 1.5 g of myo-inositol per 1 kg of feed (PC + MYO); negative control with 1.5 g of myo-inositol per 1 kg of feed (NC + MYO).
Mortality was low (<3%) and unrelated to treatment. In the first period of the trial (d 1-10), the reduction of dP and Ca levels decreased BWG (P < 0.001) and impaired FCR (P < 0.001), but had no impact on FI (P > 0.05). During the starter phase (d 1-10), the addition of MYO resulted in a reduction in BWG and higher FCR in the absence of microbial phytase but generated higher BWG and lower FCR in the presence of phytase, resulting in a significant MYO × phytase interaction (P < 0.05). During the grower period (d 11-20) , the diets with a low dP and Ca concentration returned lower (P < 0.01) BWG than those with adequate Ca and dP content. The effects of dietary treatment on FI were complex, resulting in a significant 3-way interaction between the experimental factors. This interaction resulted from a decrease in FI with MYO addition to the negative control diet that was restored by phytase but an increase in FI with MYO addition to the positive control diet that was substantially reduced by phytase. The addition of MYO to either the positive or negative control diet reduced FCR only in the presence of phytase, resulting in a MYO × phytase interaction for FCR (P < 0.05; Table 4 ).
During the finisher phase (d 21-42), the addition of MYO to the positive control increased BWG to a greater extent than addition of MYO to the negative control, resulting in a MYO × Ca and dP interaction (P < 0.05). In the presence of phytase, MYO addition was not effective in improving BWG, FCR, or FI resulting in a significant interaction between phytase and MYO for BWG and a tendency for an interaction for FCR (P = 0.07) and FI (P = 0.06).
Overall, from d 1 to 42, the addition of 0.15% MYO to the diet (irrespective of Ca and dP concentration) resulted in an increase in BWG and a reduction in FCR (approximately 2%; P < 0.05). Although the interactions were not significant, the effect of MYO was numerically more pronounced in the negative control diet (e.g., reducing FCR by around 7 points in the negative control compared with only 3 points in the positive control). The addition of phytase also resulted in an increase in BWG and a reduction in FCR (P < 0.01) of a similar magnitude to those of MYO and these effects were also independent of the Ca and dP concentration in the diet. Although there were no significant 2-or 3-way interactions, there was a suggestion of a partial additivity effect of MYO and phytase for BWG and FCR with the best performance achieved in the diets that contained both additives. This was statistically confirmed in that the only birds that returned a significantly higher BWG and lower FCR compared with the control groups were the birds that received the positive control diet supplemented with both MYO and phytase.
Blood Chemistry. The addition of MYO increased, and phytase decreased blood glucagon concentrations, but the combination of phytase and MYO resulted in an apparently synergistic effect on blood glucagon, reducing this significantly and in particular in the positive control diet, resulting in a 3-way interaction (P < 0.05) between MYO, phytase, and diet Ca and dP concentration (Table 5 ). Blood insulin concentration was increased by both MYO and phytase when added independently, but when added simultaneously there was a muted effect, particularly in the positive control diet, resulting in a significant 3-way interaction for MYO, phytase, and Ca and dP concentration. Blood glucose concentrations were increased by both MYO and phytase, apparently synergistically in the positive control diet and subadditively in the negative control diet, resulting in a 3-way interaction (P < 0.001) between MYO, phytase, and Ca and dP concentration. Furthermore, the increase in blood glucose concentration with MYO and phytase was more marked in the negative control diet (around 26% compared with 10% in the positive control). Phytase addition reduced total cholesterol concentration in the blood of chickens fed the positive control diet but increased cholesterol concentrations in the blood of chickens fed the negative control diet, resulting in a significant interaction between Ca and dP concentration and phytase. The addition of 0.15% MYO to the diets resulted in a decrease (P < 0.01) in high-density lipoprotein cholesterol concentration irrespective of phytase use or Ca and dP concentration. Addition of 500 FTU/kg of phytase to the negative control diet resulted in an increase in blood triglyceride concentration, whereas the addition of phytase to the positive control diet had the opposite effect, resulting in a significant interaction between Ca and P concentration and phytase addition.
DISCUSSION
Contrary to expectation, in both experiment 1 and 2 the effect of reducing the Ca and dP concentration in the diet was small. In both experiments the negative control diet was formulated to contain around 0.12 to 0.14% less Ca and dP than the positive control diet, and it was expected that this would result in a decrease in both BWG and FI of between 5 and 7% (Selle and Ravindran, 2007) . A complicating factor in this process is that dietary Ca concentrations influence the digestibility of phytate-P (and possibly nonphytate-P). Tamim et al. (2004) found that phytate-P digestibility, in the absence of phytase, could be increased to almost 80% if dietary Ca concentration was reduced to around 0.2%. Although this is not a feasible nutritional approach under commercial conditions, it is illustrative of an important point, namely that if Ca concentrations are reduced then digestible P concentrations will increase irrespective of presence or absence of other intervention strategies. In the present study, dietary Ca concentrations were reduced by 0.14%, and based on extrapolation from data presented by Tamim (2013), this may be expected to deliver an additional 0.02 to 0.04% of digestible P, possibly muting the negative effect of the removal of the inorganic P. Although the effects of the removal of Ca and digestible P were small and broadly similar in both experiments, there was a more obvious negative effect in experiment 2 than in experiment 1, particularly in the early stages of growth. The only notable difference between the 2 experiments was that diets in experiment 1 were steam-pelleted, whereas they were presented in mash form in experiment 2. It is possible that steampelleting resulted in an increase in the digestibility of Ca and P, further obscuring the expected negative effects of the low-density diet. Instructively, Edwards et al. (1999) concluded that although there is no evidence that steam pelleting or extruding a corn-SBM diet increases the availability of the phytate P in a P-deficient diet, they noted a significant increase in the retention of Ca following pelleting. Bayley et al. (1968) reported that steam pelleting a corn-SBM diet with no added inorganic P increased growth and bone ash content compared with birds fed the same diet but unprocessed.
Finally, Summers et al. (1967) found improvements in the utilization of phytate P from a corn-SBM diet containing 25% wheat bran as a result of steam pelleting. These factors serve to further illustrate the complexity of formulating positive and negative control diets for exploration of the bioefficacy of feed additives such as phytase.
An interesting observation in both experiments, but particularly experiment 1, was that the addition of MYO resulted in a negative effect on BWG and FCR during the starter phase but a positive effect on BWG and FCR in the finisher phase. For example, in experiment 1 the addition of MYO from d 1 to 10 resulted in a significant (4 point) increase in FCR but this was reversed from d 21 to 42 to a significant (14 point) improvement in FCR. The reason for this ontogenetic effect is not clear, but it is suggestive of the involvement of adaptive mechanisms, possibly involving the microbial flora, general gastrointestinal tract maturity, or both. Jiang et al. (2009a) found that supplementation of juvenile carp diets with MYO resulted in an increase in chymotrypsin, lipase, amylase, alkaline phosphatase, Table 5 . The effect of myo-inositol and phytase enzyme supplementation on blood parameters of broiler chickens-experiment 2 1 a-e Means with a column with no common superscripts differ significantly (P < 0.05). 1 Means represent 10 pens of 10 chicks each. 2 HDL = high-density lipoprotein. 3 Treatments: positive control diet adequate in P and Ca levels (PC); negative control diet with reduced P and Ca levels by 0.12 and 0.14%, respectively (NC); positive/negative control supplemented with 500 phytase units (FTU) of 6-phytase (EC 3.1.3.26) per 1 kg of complete feed (PC + PHY/ NC + PHY) or with 1.5 g of myo-inositol per 1 kg of feed (PC + MYO/NC + MYO), or with a combination of both additives (PC + PHY + MYO/ NC + PHY + MYO).
4 RMSE = root mean square error.
and Na-K-ATPase activity and a simultaneous decrease in Aeromonas hydrophilia and Escherichia coli and an increase in Lactobacillus concentrations in the intestines. Furthermore, Jiang et al. (2009b) demonstrated that as MYO is a cyclitol, by donation of hydrogen or via chelation, MYO can inhibit free radical generation and prevent oxidative damage in fish. These effects, although advantageous on paper, may not be translated effectively to growth performance until certain stages of gastrointestinal maturity or microbial flora equilibrium. Furthermore, it should be stated that MYO has been identified as an essential nutrient for several fish species (including carp), whereas this is not the case for domestic poultry, so extrapolation should be done with care. Nevertheless, it is clear from the present study that the addition of MYO to broiler diets has the potential to significantly enhance performance, especially in the grower and finisher stages of growth. Furthermore, it is relevant that the negative effects of MYO in the starter phase were partially ameliorated by the presence of phytase. It is possible that the beneficial effects of MYO are declared more obviously when sufficient P is available, perhaps systemically for rephosphorylation of MYO into metabolically active lower esters of inositol phosphate.
The negative effects of MYO in the young bird observed in the present experiment are in contradiction to Żyła et al. (2004) , who found that the addition of 0.1% MYO to P-deficient diets improves BWG of broiler chickens from 1 to 21 d. Also, Pirgozliev et al. (2007) documented that MYO supplementation (0.25%) to a diet with low available P fed to broilers from d 7 to 17 enhanced FI and BWG. These contradictions may be due to the fact that different Ca and P levels in the supplemented diets were applied, and also the type of feed and inclusion levels of MYO was different. Żyła et al. (2004) and Pirgozliev et al. (2007) used corn-soybean diets, and in these 2 current experiments birds were fed wheat-corn-SBM-based feeds. Furthermore, taking into consideration the last period (21-42 d) of the both trials, it seems that an increase in the amount of wheat, simultaneously with a reduction of the corn level in the formula, intensified the response of the broiler chickens to the MYO addition. These hypotheses can be partially supported by Żyła et al. (2012) , who reported a significant interaction between the type of cereal used and the addition of MYO in laying hens.
In recent years, a considerable amount of information on the effects of the addition of exogenous phytases to the diets of poultry has been published, showing improvement in BWG, mineral retention, energy utilization, and amino acid digestibility (Ravindran et al., 1999; Newkirk and Classen, 2001; Swiatkiewicz et al., 2001; Murai et al., 2002; Rutherfurd et al., 2002; Augspurger et al., 2003; Cowieson and Adeola, 2005; Józe-fiak et al., 2010) . The results obtained in experiment 2 support these findings where a significant improvement in BWG was observed throughout the experiment and FCR was improved in the grower and finisher periods. Furthermore, in all experimental periods and for all performance parameters, no interactions between P and Ca level and phytase supplementation were observed. It is conceivable therefore that the beneficial effect of phytase on bird performance may be related to improved efficiency of utilization of amino acids or energy, perhaps delivered via a reduction in the antinutritive effects of phytate as described by Cowieson et al. (2009) . It should be noted, however, that in the present study diets were formulated to meet or exceed breeder standards for all nutrients other than Ca and P (as indicated in Tables 1 and 2 ), so although the mechanisms above may be involved, substantial responses may be unexpected.
In the present study, supplementation of the diet with MYO resulted in elevated insulin and glucagon levels with a concomitant increase in serum glucose, although these effects were complex and dependent on diet mineral density and the presence or absence of phytase. It is interesting that it has been observed previously that glucose and MYO compete for similar Na-dependent transport systems and that high glucose concentrations impede MYO absorption (Weigensberg et al., 1990) . It is possible then that for example in the positive control diet, the negative interaction between MYO and phytase for insulin is associated with some of these competitive mechanisms. Patients suffering from diabetes mellitus have compromised Na-K-ATPase activity, which dietary supplementation with 1% MYO was successful in correcting (Greene and Lattimer, 1983) . Greene and Lattimer (1983) conclude that MYO, via its involvement in MYO-containing phospholipids, may correct diabetic nerve conduction through improvements in Na-K-ATPase activity. If this is the case, then the increases in circulating glucose and insulin concentrations in the present study may be associated with MYO-induced changes in Na-K-ATPase activity, perhaps mediated via the role of MYO in phospholipids.
The addition of phytase resulted in an increase in blood glucose concentrations, particularly in the negative control diet. Johnston et al. (2004) reported that the addition of 500 FTU/kg to pig diets resulted in an increase in circulating blood glucose and insulin concentrations of between 6 and 10% (53-kg pigs fed corn/soy-based diets). The effect of phytase on blood glucose is not clear, but it may be linked to Na-dependent transport mechanisms for glucose. Cowieson et al. (2004) showed that phytate ingestion increased endogenous Na loss from the intestines of broilers and this is thought to be associated with a physiological cascade that begins with phytate-induced protein precipitation and cross-linking in the gastric phase of digestion and ends with an increase in NaHCO 3 secretion and loss in the small intestine. If phytate interferes with Na partitioning in the small intestine and ion balance in general, then it is conceivable that its partial removal through the use of microbial phytase would enhance Na-dependent transport systems. Because 80% of dietary glucose is absorbed via Na-dependent active transport systems (Fuller and Reeds, 1998) , it is plausible that phytase increased blood glucose concentrations in the current study indirectly via effects on Na.
No effect of phytase on total and high-density lipoprotein cholesterol was noted, although the concentration of triglycerides was significantly reduced. However, a significant interaction between Ca and dP and phytase levels was found in total cholesterol and also triglyceride concentrations. Slightly different results were recently reported by Żyła et al. (2013) , who found no effect of MYO addition to corn-soybean diet on serum triglyceride and high-density lipoprotein concentration in broilers. Calcium and P are essential minerals required for critical biological functions. They play an important role in the metabolism of carbohydrates, amino acids, and lipids (Zhang et al., 2003 (Zhang et al., , 2005 Malekzadeh et al., 2007; Sethi et al., 2008) , P, Ca, and vitamin D influence the absorption and metabolism of each other. The active form of vitamin D stimulates Ca uptake and increases Ca absorption, resulting in an increase in Ca retention, which leads to greater P retention. Normal blood levels of Ca and P are under the control of parathyroid hormone, vitamin D, and calcitonin (Larbier and Leclercq, 1995) . The potential effects of dietary Ca and dP on plasma lipoprotein, lipid, glucose, and hormones concentrations have been investigated in earlier studies; however, the results are equivocal (Iacono, 1974; Foley et al., 1990; Huff et al., 1998; Zhang and Tordoff, 2004; Ditscheid et al., 2005; Sethi et al., 2008) . Other studies have showed that in different dietary conditions, Ca intake has different effects on serum/plasma cholesterol. Vitale et al. (1959) reported that, in rats, a low Mg concentration in the diet together with higher Ca concentrations resulted in a higher level of serum cholesterol. On the other hand, Malekzadeh et al. (2007) reported that rats receiving a high-Ca diet had significantly lower serum cholesterol and low-density lipoprotein cholesterol than those of groups with a low-and regular-Ca diet, but serum triglycerides, high-density lipoprotein cholesterol, glucose, insulin, and fecal fat excretion were not statistically influenced. Furthermore, Huff et al. (1998) noted that broiler chickens receiving a diet with high dP corn had significantly decreased serum cholesterol and no effect on serum levels of triglycerides compared with the control group fed a diet with normal corn. It seems possible that low Ca intake can negatively influence insulin sensitivity (Pikilidou et al., 2009 ) and result in the high level of glucose and insulin observed herein.
It can be concluded that MYO and phytase are effective strategies to enhance growth performance of commercial broiler chickens. However, based both on the performance results obtained and on the changes in blood biochemistry, these effects may not always be additive and the presence of both of these additives in the diet simultaneously may result in some antagonistic interactions at a blood biochemical level, perhaps mediated via competitive mechanisms. The mode of action of MYO in poultry should be further elucidated to assist with appropriate diet formulation and to allow for possible ontogenetic effects. The interaction between diet mineral density (possibly extending beyond Ca and dP to include Na) and MYO and phytase requires further investigation.
